Abstract -Described herein is a finite element model of the human head-neck complex that is used to simulate the dynamics of the head and neck subjected to low and high lateral deceleration. The model which is intended to be used as part of an entire human body model consists of a rigid skull, the bony vertebrae modelled by shell elements. intervertebral discs modelled by solid elements and the most relevant muscles and ligaments modelled by membrane and spring-damper elements. Acceleration responses of the head obtained from experimental volunteer sled tests are iused to validate the model for low g-level lateral deceleration. Additionally the corresponding results of the severest cadaber sled test are compared against the predicted response of the model subjected to high g-level acceleration. It is shown that this finite element model fulfils the requirements to be part of a finite element model of the entire human body regarding caliculation time, stability and accuracy of the results.
INTRODUCTION
Results of accident research [ 1, 2] show that neck injuries in vehicle side collisions do not often exceed injuries more severe than AIS 1. (Abbreviated Injury Scale -AIS 1 covers minor injuries while AIS 6 is not survivable) However the neck plays an essential role for the dynamics of an occupant's head in an impact situation as it connects the head to the impacted torso. The significance of head injuries in lateral vehicle collisions is presently shown by many car manufacturer's developments of inflatable curtains for head protection in such situations. The head-neck complex has been investigated by experiments and simulations with regard to type of impact (direct or indirect) and the impact direction (frontal, lateral, oblique) [3-51. Mathematical modelling has long been a tool to investigate the head neck dynamics in frontal and lateral impact and can be divided roughly into three different groups, lumped mass-spring-models, multi-rigid body models and finite element models. Among the first of the three-dimensional models of the lumped mass-spring-damper concept were those developed by Bowman et al. [6] , Bosio et al. [7] and Wismans et al. [ 5 ] . These models simply consisted of two rigid bodies, each representing the mass of the spine and the head connected by spherical joints. These models were validated and compared against experimental volunteer sled test data conducted at NBDL (Naval Biodynamics Laboratory). The simulations showed fairly good agreement with these experimental results. A closer representation of the head-neck complex is given by the models using multi-rigid bodies representing vertebrae and head. These rigid bodies are connected by joints, spring and damper elements modelling the properties of intervertebral discs, facet joints, muscles and ligaments. These types of head-neck models were presented by Merill et al. [8] , Tien et al. [9] and Deng et al. [ 101. De Jager et al. [ 1 I ] presented the development of a rigid body based head-neck model using MADYMO (Mathematic Dynamic Model -developed by TNO) andl included among the common material properties active muscle behaviour. This model was improved by van der Horst [ 123 and may be considered the most advanced model within the MADYMO system. The properties of the connecting spring-damper elements are either derived from experimental force-deflection curves or by validation of the entire model against experimental results. These theoretical results also agreed well with the experiments provided by the NBDL volunteer sled tests. Models that use the finite element technique rebuild the head and neck geometry more realistically and use material properties that may be derived from experimental specimen testing. Williams et al. [I31 presented a finite element headneck model using rigid body elements for the bony parts, i.e. head and vertebrale. The connecting soft tissues were modelled by beam, spring and muscle elements, representing the intervertebral discs, ligaments, facet joints and muscles. Kleinberger [ 141 presented a complex finite element head-neck model using more than 13000 solid hexahedral elements representing the vertebrae, intervertebral discs and ligaments. A simulation was presented comparing a predicted result of a frontal impact with the corresponding volunteer sled test result (NBDL). Dauvilliers et al. [2] presented a finite element model of the neck that was also validated using the volunteer sled test data given by NBDL. In addition to good agreement with the experimental results, another requirement of the model was that it can be added to a finite element model of an occupant in a car crash simulation. This intention leads to some restriction of the size of the model and the number of elements had to be limited, so that each vertebrae was modelled by 12 solid elements and intervertebral discs by 8 solid elements each. Ligaments, membranes and muscles were modelled by spring-damper elements to keep calculation time low. This neck model was later used in a whole human body finite element model presented by Lizee et al. [IS] . A model developed by Yang et al. [ 161 can be considered as one of the most advanced finite element models of the human head-neck complex. This model consists of 7351 elements for the head model and possesses 11498 solid elements and 3071 shell and membrane elements representing headlbrain, vertebrae, intervertebral discs and relevant ligaments of the human neck. The muscles were modelled by spring elements. The model was validated using cadaver drop and rear end impact sled test results and showed good agreement with the experimental data. Preliminary results of this head neck model installed on a thorax finite element model in a simulated airbag impact were additionally shown. Except for Yang's neck model all other models were validated against volunteer sled test data conducted by NBDL [3, 4] . The sled tests were limited to low level acceleration as it is obvious that volunteer tests must not exceed injury levels. Therefore it needs to be shown if a model validated for low g-level acceleration performs equally well for high g-level lateral acceleration [17] . To be able to simulate impact situations that exceed injury levels a neck model is required that performs equally well if subjected to high g-level acceleration.
This paper presents a finite element model of the human head and neck that is intended to be used as part of a finite element model of the entire human body that can be used in vehicle side impact simulation. The first preliminary developments and results of this model were reported in [IS] . The intention to build a finite element model of the entire human body limits the complexity of the headneck model with respect to numbers of elements and material models.
MODEL DEVELOPMENT

Material properties
Both the geometrical shape and the material properties are very important parameters of the model. The difficulties to determine the mechanical properties of biological materials are widely known . Properties of examined materials depend strongly on the age of the human and even vary within the same human body. Results of material testing have shown that biological material behaviour tends to be visco-elastic and strain rate sensitive [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The use of visco-elastic properties in a finite element model increases the computational time significantly in comparison to linear elastic-plastic material behaviour. However most of the experimental information [22] [23] [24] [25] 291 about mechanical properties of biological material does not include its dynamic behaviour which can differ significantly from the quasi-static results [ 19, . In finite element models with a large number of elements there are limitations regarding the complexity of the material models used. It is therefore advisable to use a simpler material model that is easier to validate with experimental data and material parameters may be adapted during this validation process.
The head-neck complex consists of important materials of the human body; bones, cartilage, ligaments and muscles. Obviously these materials have different mechanical properties and need different modelling approaches.
Bone
Bone is a hard mineralised tissue consisting of a fibrous, organic matrix of collagen bound by inorganic salts. When collagen fibres are bound together by spindles of crystalline minerals, the resulting material has high strength and hardness [ 191. Bone consists of two mechanically different sections, the external "hard" cortical shell and the internal "soft" cancellous bone. One way to model bone is the use of solid elements, defining material properties depending on the section's density. However a more computational time efficient approach is the use of shell elements with a varying thickness for the cortical bone only as it contributes most to the bone's stiffness. Cortical bone is up to 100 times stiffer than cancellous bone [ 19, 221 . As for most biological materials tlhe material behaviour of bone has often been described as visco-elastic which is very computationally time intensive [19, 20, 22] . However the use of an elastic-plastic material behaviour does not seem to be an oversimplification for the presented head-neck model and has been used in many previously published models 51. Bones are modelled by shell elements in the presented model that represent only the cortical bone. The density of these cortical shells is chosen to be higher than the values reported in the literature to compensate for the missing cancellous bone.
Cartilage
Cartilage-like material principally consists of a network of collagen fibres embedded in an amorphous intracellular substance. Another component is proteoglycan gel which includes long molecules of hyaluronic acid and forms large molecules that interact with collagen [ 191. The interaction between collagen, proteoglycans and water is important to the function of the tissue. Proteoglycans retain water and endow cartilage with an internal swelling pressure that determines rigidity and compliance of the cartilage material. An important factor that influences the mechanical properties under loading is the fluid flow through the collagen network that dissipates energy and operates like a damper. Using time depending shear modulii, Yang [ 161 defined this visco-elastic material behaviour for the solid elements representing the nucleus pulposus of the intervertebral discs. A less computational time expensive approach to model cartilage material is the use of solid elements with an elastic material behaviour in combination with additional spring-damper elements as reported by Dauvilliers [2] . This latter method has been adopted for the present model.
Tendons, Ligaments and Muscles
Tendons and ligaments are soft connective tissues which are formed from groups of collagen fibres, called fascicles, which are enclosed in a tough connective tissue sheath. The alignment and arrangement of the fibres within the fascicles differ from one tissue to the next in the body, and there is a range in mechanical response for various tendons and ligaments . Unlike cartilage the function of tendon and ligament is primarily to resist tensile loading either due to muscular contraction or loads tending to displace the joint. Therefore tensile membrane elements are well suited for ligament models using a linear elastic material behaviour in combination with spring-damper elements to simulate the visco-elastic behaviour of the ligament material.
Geometry
For the mesh development of the finite element neck model the Patran-based preprocessor Abapre was used. The geometry was obtained mainly from physical and scanned human anatomy data [30-3 I ]. An exploded sketch of the finite element neck model showing the bony vertebrae from TI to C1, intervertebral discs, ligaments and membranes is shown in Figure 1 .
The bony vertebrae are modelled by 280 shell elements each and can easily be substituted by rigid elements to decrease computational time significantly. This assumption is supported by the fact that fractures of vertebrae are very rare in side impact [32] . For stress analysis of intervertebral discs, rigid vertebrae might be oversimplified leading to a stress increase of the discs and facet joints. The vertebrae are connected by intervertebral discs modelled by 52 solid elements in combination with 6 non-linear damper elements each. While shear forces are dominant at the beginning of a lateral impact within the intervertebral discs, compression forces prevail during the later part. These compression forces are shared with the synovial joints modelled by the facet surfaces of two adjacent vertebrae and the surrounding capsular ligament. According to Kleinberger [ 1411 they are weaker in the midcervical region and were defined there with a lower elastic modulus. Whereas the anterior and posterior longitudinal ligament, supraspinous ligament and interspinous ligament are more important in longitudinal impacts, the ligament flavum stabilises the cervical spine in lateral impact significantly. These ligaments are modelled by 600 membrane elements. Table 1 , while the material properties given in Table 2 are extracted from wider literature [ 16, 19, 20, 22] . In all previous head-neck models the major muscles were modelled by bar or spring elements with non-linear elastic force-strain behaviour, either passive [ 8-101 or active [ 1 1-121 to simulate muscle tone in volunteer experiments. By using this model approach the muscle's origin and insertion are limited to a few points and neglect the muscle's mass and inertia. To include these aspects into the present model all relevant head-neck muscles are modelled using 1422 membrane elements with either varying thickness of one muscle layer or by modelling a lower and upper layer of membrane elements. This modelling approach is significantly less computational time consuming than the use of solid elements and incorporates inertial effects of muscles. Furthermore the load directions of muscle groups are defined accordingly to the shape of the muscle and are not limited to straight lines between origin and insertion points like a spring-damper muscle model. The different layers of neck muscles are shown in Figure 2 . The lower part of the deep layer muscle semispinalis capitis shows its orgin at the thoracic vertebrae. Intermediate (splenius capitis) and superficial (trapezius) single layer of membrane elements are modelled with frictionless contact conditions. The shoulder part with additional muscles will be included at a later date. 
MODEL VALIDATION
The NBDL conducted volunteer sled tests that provide a comprehensive database [3.4] of responses of the human head-neck subjected to longitudinal and lateral accelerations. These test results are important as they involve live subjects and provide required input and output data for simulation such as acceleration-time histories of defined points. Obviously the volunteer acceleration must not exceed limits that would lead to injuries so that these tests were conducted at low g-level accelerations. The fact that occupants in real world side impact accidents can be subjected to much higher accelerations resulted in high g-level cadaver tests being conducted at the University of Heidelberg, Wayne State University and LPB-APR (Laboratory of Physiology and Biomechanics Associated with Peugeotl Renault). The investigation of injuries of shoulder, thorax, abdomen and pelvis in side impact was emphasized by the set-up in the Heidelberg and Wayne State tests. The LPB-APR tests [ 171 used a similar test set-up as in the NBDL volunteer tests to examine specifically the head-neck responses of cadavers at high g-level lateral acceleration.
The principle test set-up for both types of tests for the lateral loading direction is shown in Figure 3 a) . A rigid seat was fixed to a sled in a sideward upright position. In order to limit the translation of the subject in the lateral direction a wooden side board was attached vertically to ithe seat reaching up to the subject's shoulder. The subject was restrained by torso and pelvis belts. The sled was accelerated 0 Woodhead Publishing Ltd in lateral direction with a peak acceleration of 7 g reaching a maximum velocity of 6 m/s in the volunteer test whereas the cadaver-sled was decelerated between 12.2 and 14.7 g from initial lateral velocity levels of between 6.08 and 8.61 m/s. The relative motion of the head-neck complex within the local coordinate system with its origin at the first thoracic vertebrae shown in Figure 3 b) is therefore similar for both tests.
-m X Figure 3 a) Cadaver test set-up redrawn from [ 171 b) Coordinate system redrawn from [5] Accelerometers were placed at significant positions to provide translational and rotational acceleration, velocity and displacement of the head and first thoracic vertebra. This data can be used as input acceleration of a mathematical model of the neck separately considered from the thorax. The sled acceleration time histories comparing a volunteer test with a severe cadaver test that illustrates the high level of violence of the latter experiment is shown in Figure 4 . Significant for the cadaver test is the steep slope at the beginning of the deceleration curve resulting in a much higher translational acceleration of the first thoracic vertebra. This very high level of lateral acceleration is probably not often reached in real world accidents. However this test provides useful data for the validation of a mathematical model.
VALIDATION RESULTS
Low g-level volunteer test
The predicted response of the low g-level volunteer tests of the finite element head-neck model is shown in Figure 5 . The rotational x-acceleration prediction of the finite element model shows a similar shape to the upper limit of the volunteer corridor in Figure 7 a). The peak value is reached earlier but is within the corridor that is defined by the responses of the volunteer tests [ 1 11. The following decline of the predicted acceleration curve also starts earlier and follows the upper limit. A similar correlation can be observed in Figure 7 b) comparing the rotational acceleration around the z-axis. The shape of the predicted response looks similar to the upper limit of the volunteer response corridor although the peak value matches that of the lower limit. 
High g-level cadaver test
The predicted kinematics of the head in the high g-level test show a very similar pattern with a first translational movement and a following rotation as was also observed in the experiment [ 171. This can be seen in Figure 8 showing a series of pictures of the head movement. In comparison to the low g-level volunteer test the head motion for the cadaver test takes place within a much shorter time period. The optical impression is that up to 0.05 seconds the translational movement dominates while rotation prevails from there onwards. At 0.06 seconds distorted shoulder elements can be seen that probably influence the head rotation and leads to a non realistic shoulder contact of the lower part of the head. The shoulder muscles are not yet fully included in this model SO that this shoulder contact cannot be considered as accurate. The head-neck model will probably be improved by including the shoulder complex that includes the bony scapula and the corresponding shoulder muscles. Comparing the simulated results with the corresponding cadaver test, Figure 9 shows the translational and Figure 10 the rotational acceleration-time histories. 
DISCUSSION AND CONCLUSION
A finite element model has been developed that can simulate the dynamics of the head-neck complex subjected to low and high g-level lateral acceleration. This head-neck model is intended to be used as part of a whole body finite element model to simulate the dynamics of occupants in vehicle side impacts. To simulate such high impact loads the development of a stable running finite element mesh is an essential requirement. Nevertheless the number of elements of each part of the model is limited as the simulation time of the entire model should be reasonable. Apart from the shoulder contact problem it has been shown that the presented finite element head-neck model is numerically stable and simulates the head-neck dynamics with satisfying accuracy. If the shell elements of the bony vertebrae are substituted by rigid elements the computing time is -2 hours.
This model may be improved when uncertainties regarding the material properties are better understood. The visco-elastic properties of the biological tissue are simplified by an elastic behaviour coupled with additional damper elements. Energy dissipation is therefore only indirectly considered and not part of the material itself. Furthermore no failure criterion is incorporated so that fracture of bony parts or tearing of tissue cannot be predicted. However it is believed that the chosen material model is accurate enough to provide results i.e. predicted stress concentrations that can be analysed qualitatively.
The mentioned shoulder contact problem should be improved when the finite element model is expanded by a torso model that includes the bony parts of the shoulder, spine and ribcage. The most important muscles groups should be modelled in the same way as described for the neck muscles. Finally the dynamics of the head and neck may be observed within a whole body lateral impact.
